Seven day old etiolated pea epicotyls were loaded symmetrically with 3H-indole 3-acetic acid (IAA) or 4`Ca2@, then subjected to 1.5 hours of Ig gravistimulation. Epidermal peels taken from top and bottom surfaces after 90 minutes showed an increase in IAA on the lower side and of Ca" on the upper side. Inhibitors of IAA movement (TIBA, 9-hydroxyfluorene carboxylic acid) block the development of both IAA and Ca2" asymmetries, but substances known to interfere with normal Ca2" transport (nitrendipine, nisoldipine, Bay K 8644, A 23187) do not significantly alter either IAA or Ca2' asymmetries. These substances, however, are active in modifying both Ca'4 uptake and efflux through oat and pea leaf protoplast membranes. We conclude that the 45Ca2" fed to pea epicotyls occurs largely in the cell wall, and that auxin movement is primary and Ca2+ movement secondary in gravitropism. We hypothesize that apoplastic Ca2+ changes during graviresponse because it is displaced by H' secreted through auxin-induced proton release. This proposed mechanism is supported by localized pH experiments, in which filter paper soaked in various buffers was applied to one side of a carborundum-abraded epicotyls. Buffer at pH 3 increases calcium loss from the side to which it is applied, whereas pH 7 buffer decreases it. Moreover, 10 micromolar IAA and 1 micromolar fusicoccin, which promote H' efflux, increase Ca2+ release from pea epicotyl segments, whereas cycloheximide, which inhibits H' efflux, has the reverse effect. We suggest that Ca2' does not redistribute actively during gravitropism: the asymmetry arises because of its release from the wall adjacent to the region of high IAA concentration, proton secretion, and growth. Thus, the asymmetric distribution of
Ca2+ movement secondary in gravitropism. We hypothesize that apoplastic Ca2+ changes during graviresponse because it is displaced by H' secreted through auxin-induced proton release. This proposed mechanism is supported by localized pH experiments, in which filter paper soaked in various buffers was applied to one side of a carborundum-abraded epicotyls. Buffer at pH 3 increases calcium loss from the side to which it is applied, whereas pH 7 buffer decreases it. Moreover, 10 micromolar IAA and 1 micromolar fusicoccin, which promote H' efflux, increase Ca2+ release from pea epicotyl segments, whereas cycloheximide, which inhibits H' efflux, has the reverse effect. We suggest that Ca2' does not redistribute actively during gravitropism: the asymmetry arises because of its release from the wall adjacent to the region of high IAA concentration, proton secretion, and growth. Thus, the asymmetric distribution of
Ca"* appears to be a consequence of growth stimulation, not a critical step in the early phase of the graviresponse.
Recently, many research publications (3, 6-8, 12-14, 21, 22, 24) and reviews (11, 16, 19, 20) have attributed to calcium ions an important role in graviperception and response by plant shoots and roots. This arises from the current general interest in Ca2l as a second messenger, from the many recent discoveries related to calcium physiology in animal systems, and from the observed Ca2' asymmetry following gravitropic response. However, studies of calcium physiology in higher plants are complicated by the fact that plant cells are enveloped by a thick wall, containing abundant quantities of tightly bound calcium which may greatly exceed the Ca2+ content of the protoplast (1 1). Thus, the role of Ca2' as an intracellular trigger of gravitropic response in higher plants needs further substantiation (1 1, 19, 21 13.5 ;iCi/mmol. These labeled substances were supplied to epicotyls in 2 mM CaCl2 to increase IAA transport and action, after which the epicotyls were incubated for 1 h more in a solution containing inhibitors, as described in Tables I and II . The epicotyls were then removed from the loading solution, gently blotted on filter paper, and mounted in Petri dishes with their base stuck in agar (Fig. 1) .
Subsequently, the epicotyls were exposed in the dark to lg for 90 min at 26°C and then moved to a cold room (4°C) to halt significant further graviresponse. To Figure 1 , gravistimulated in the dark at 26°C, removed, and finally subjected to epidermal peeling from the upper and lower halves. These peels were counted by liquid scintillation. Curvature by Goswami and Audus (10) for shoots and by Lee et al. (12, 13) for roots. In both cases, an inversion of the IAA and Ca2+ asymmetries was observed without, however, inversion of curvature. More exactly, we sometimes observed positive curvature in single epicotyls, but average numbers show 7 to 80 of negative curvature. Thus, there seems to be a discrepancy between expectations from the Cholodny-Went theory and the actual curvatures. Another possible explanation of the data could be that, since IAA redistribution and gravicurvature are not uniform along the 5 cm long epicotyls, the mean values reflect IAA redistribution toward the upper side in the basal part of epicotyls and negative curvature in the apical part. This subject needs further investigation. By contrast, we have found it impossible to inhibit the asymmetric distribution of either IAA or Ca2+ by a series of substances effective on calcium transport, i.e. the calcium entry agents nitrendipine, nisoldipine, and Bay K 8644 (9, 25) , and the ionophore A 23187, which increases calcium uptake at the plasmalemma. A small inhibition of Ca2' redistribution and gravitropic response was sometimes seen, but their magnitude was in no way comparable with that induced by inhibitors of IAA transport. These small inhibitory effects seem to depend on an inhibition of epicotyl growth produced by the above substances (data not shown).
Since these calcium blockers and ionophore clearly affect membrane-mediated uptake and release of 45Ca2+ in protoplasts (Table IV) During tropistic response, there is an activation of proton release from the faster-growing side (17) , probably in consequence of IAA-induced stimulated proton extrusion in the lower side ofgravistimulated shoots and in the upper side ofgravistimulated roots (15, 18) . A logical conclusion, especially since protons can release Ca2+ ions from cell walls (4, 5) , is thus that Ca2+ release is simply a consequence of this increased proton extrusion.
The experiments reported in Table III and Figures 2 and 3 support this hypothesis. There is, in fact, log-linear relationship between applied pH and Ca2' release (Fig. 2 ). An acid pH applied laterally increases Ca2`loss; IAA and fusicoccin, known activators of proton efflux, also increase Ca2' release (Fig. 3) . By contrast, cycloheximide, a substance known to inhibit proton efflux and to induce alkalization of cell walls (4), inhibits Ca2+ loss notably. Again, this supports the view that the asymmetric distribution of Ca2+ in gravitropically responding shoots is a secondary process, occurring in the apoplast, and linked to the activation of the proton extrusion by IAA.
We do not present kinetic evidence that Ca2+ asymmetry follows H+ asymmetry, but this seems logically suggested by the effect of acidic pH in inducing calcium release from free space.
Moreover, Ca2" asymmetry has been reported in about 10 min (20) and IAA induced acidification of the medium has been variously reported in 8 to 10 min (4) or as rapidly as 1 to 3 min (2, 18) . Does Cae' move in a direction opposite to IAA during graviresponse, as recently reported (9, 10, 13) ? This is not yet clear, but Ca2" asymmetry could result from differential Ca2" release from the upper and lower halves of shoots responding to gravity, rather than by Ca2" transverse movement. Slight accumulation of Ca2`in the upper part of shoots during gravitropism (24) could represent a diffusional process following calcium removal from the lower half.
We conclude that the asymmetric distribution of Ca2" following graviresponse cannot be taken as an indication that Ca2l is involved in an important primary process during the gravitropic response of shoots as envisioned by others (16, 17, 20, 21) . Its distribution pattern seems, rather, a secondary effect of IAA induced proton release and growth in the lower half ofgravistimulated shoots. This view, however, does not exclude the possibility that calcium ions might be implicated as a second messenger within the symplast at the onset of the graviresponse.
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